Amplification of MYCN is the signature genetic aberration of 20-25% of neuroblastoma and a stratifying marker associated with aggressive tumor behavior. The detection of heterogeneous MYCN amplification (hetMNA) poses a diagnostic dilemma due to the uncertainty of its relevance to tumor behavior. Here, we aimed to shed light on the genomic background which permits hetMNA in neuroblastoma and tied the occurrence to other stratifying markers and disease outcome. We performed SNP analysis using Affymetrix Cytoscan HD arrays on 63 samples including constitutional DNA, tumor, bone marrow and relapse samples of 26 patients with confirmed hetMNA by MYCN-FISH. Tumors of patients 18m were mostly aneuploid with numeric chromosomal aberrations (NCAs), presented a prominent MNA subclone and carried none or a few segmental chromosomal aberrations (SCAs). In older patients, tumors were mostly di-or tetraploid, contained a lower number of MNA cells and displayed a multitude of SCAs including concomitant 11q deletions. These patients often suffered disease progression, tumor dissemination and relapse. Restricted to aneuploid tumors, we detected chromosomes with uniparental di-or trisomy (UPD/ UPT) in almost every sample. UPD11 was exclusive to tumors of younger patients whereas older patients featured UPD14. In this study, the MNA subclone appears to be constraint by the tumor environment and thus less relevant for tumor behavior in aggressive tumors with a high genomic instability and many segmental aberrations. A more benign tumor background and lower tumor stage may favor an outgrowth of the MNA clone but tumors generally responded better to treatment.
Introduction
Amplification of the oncogenic transcription factor MYCN is a stratifying marker in neuroblastoma (NB), 1 the most common extracranial solid tumor in childhood. MYCN amplification (MNA) defines one of the most aggressive tumor subgroups comprised of 20-25% of all primary tumors 2 and is associated with advanced stage, metastatic behavior, accelerated tumor progression and an overall poor prognosis. [3] [4] [5] [6] MNA occurs more often in patients older than 12 months of age 7, 8 and even among highly aggressive stage 4 tumors, MYCN status adds to distinguish subgroups with a worse prognosis. 9 Near-diploidy and the presence of only a few segmental chromosomal aberrations (SCAs), most prominently but not exclusively, a loss of the distal p-arm of chromosome 1 and a gain of 17q, associate frequently with MNA in NB. [10] [11] [12] [13] [14] With only few accompanying mutations and chromosomal alterations, MNA is considered an early, tumordriving event. Deletions at 11q occur rarely in tumors with homogeneous MNA (homMNA) and mark another unfavorable subgroup of NB. [15] [16] [17] Determination of the prognostic relevance of a genetic marker in NB is generally based on the premise that an aberration is present in most if not all tumor cells. Until the advent of fluorescent in situ hybridization (FISH), Southern blot analysis was conducted to detect MNA in NB which suggested a high intratumoral penetrance and consistency of MNA in samples taken simultaneously or consecutively from primary and metastatic sites from the same patient. 18 Detecting MNA at single-cell resolution by FISH eventually overhauled this assumption and led to the identification of tumors exhibiting intratumoral heterogeneous MYCN amplification (hetMNA) in either scattered tumor cells or focal areas 19, 20 but also with regard to time and location. [21] [22] [23] [24] As only a few studies on hetMNA NBs have been published with ambiguous results, 23 clear implications on the relevance of hetMNA to the clinical behavior of a tumor have yet to be determined. Patients presenting with hetMNA often receive the same risk stratification as homMNA patients and are allocated to the same high-risk treatment protocol. The lack of biological and clinical understanding of hetMNA tumors may thus result in overtreatment and unnecessary exposure of 18m patients in particular to severe long-term side effects. Recently, Berbegall et al. began to shed light on the genetic composition of hetMNA tumors. 25 In this study, we aimed to further illuminate the genomic background of hetMNA NB by SNP array analysis as well as investigate the association with other clinically relevant factors and markers. 
Material and Methods

29
MNA heterogeneity was defined as the coexistence of these MYCN-amplified as well as non-amplified tumor cells in the same tumor. 29 Internal standards were either the centromerespecific D2Z (Oncor, Gaithersburg) or 2p probe (kind gift from M. Rocchi, University of Bari, Bari, Italy). DAPI was used to counterstain nuclei.
DNA extraction and SNP array analysis
DNA extraction and SNP array analysis were performed as described by Ambros et al. 30 In short, DNA was extracted from all samples including fresh or fresh-frozen tumor- 
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containing samples as well as formalin-fixed and paraffin embedded sections and BM cytospins applying the "high salt" extraction method. 24, 31 Cells were resuspended in nuclei lysis buffer (10 mM Tris-HCl, 400 mM NaCl and 2 mM EDTA, pH 8.2) and digested at 568C overnight with a solution containing 20% SDS and proteinase K (20 mg/ml). DNA was then precipitated with 6M NaCl and microcentrifugation followed by the addition of 100% ethanol and microcentrifugation. For some of the BM samples with <50% tumor cell infiltrate, the tumor cell fraction was enriched by using an anti-GD2 antibody and magnetic activated cell sorting (MACS, Miltenyi Biotec) prior to DNA extraction. 24 DNA of BM samples marked with "cyto1" was extracted from BM cytospins after soaking the cells in PBS and scraping with a pipette tip. The Cytoscan HD (Affymetrix, UK) array was used for all samples and data analysis performed with the ChAS software package (Affymetrix, UK).
Statistical analysis
Depending on the sample size, two-sided Fisher's exact or Chi-squared testing was performed using GraphPad Prism 5.0 to examine the association of the MYCN status and occurrence of uniparental di-/trisomies within the hetMNA NB tumors as well as patient tumors in the database, respectively.
Results
Clinical characteristics of hetMNA patient cohort
Patients in the hetMNA cohort were predominantly younger than the prognostically significant 18-months cutoff (16/26, 62% versus 10/26, 38%) ( Table 1) . We denoted a slightly higher proportion of female (16/26, 62%) over male patients (10/26, 38%). Patient age at diagnosis ranged from 4 to 171 months with a median age of 14 months. Based on the INSS, tumor stages ranged from low to high with nine patients assigned to lower stages 1 and 2 and a predominance of higher stages 3 (7/26) and 4 (9/26) (Fig. 1a) . One tumor was diagnosed as stage 4S. All patients with stage 1, 2, or 4S tumors were younger than 18 months. On the contrary, the majority of stage 4 tumors (8/9, 89%) were diagnosed in patients older than 18 months (Fig. 1b) . Excluding two tumors with unknown primary localization, most primary tumors were found in the adrenal gland (12 out of 24). Other locations included retroperitoneal (4), thoracal (4), thoracal/ retroperitoneal (2), intraspinal (1) and pelvic regions (1) (Fig.  1c) . Relapses and disease progression occurred in six patients and was confined to the >18m subgroup. Pat. #22 and #23 relapsed twice. Patient #26 showed no signs of remission before his death, thus we categorized him as "in progression". Among these seven patients with disease progression, MNA was only detected heterogeneously in a liquor sample at the time of the first relapse of patient #22 (5 MNA cells vs. patient #18 was also negative for MNA cells. The MNA status of the respective bone marrow and metastasis could not be assessed for the two remaining patients as material was not available.
At the time of publication, two patients were still undergoing treatment and six had succumbed to the disease or surgical complications. However, the majority of hetMNA NB patients (17/26, 65%) especially in the younger group (15/16, 94%) responded well to treatment. Three of the younger patients fared well even without chemotherapy. Remission was achieved partially in one and completely in 16 patients.
Spatial and temporal MYCN heterogeneity and the association with tumor cell ploidy
The MNA clone detected by MYCN-FISH was found by SNP array analysis in only 14 out of 26 patients (Fig. 2) . Eleven patients belonged to the younger age group, who generally presented with tumors with a higher fraction of MNA cells. The percentage of MNA tumor cells in the remaining 12 samples was under the SNP array detection limit. We found intratumoral MNA heterogeneity as well as intertumoral heterogeneity in respect to location and time. The MNA clone in patient #23, for instance, was detectable by FISH in all GD2-positive cells in the BM but not in the tumor sample after therapy. SNP analysis of either sample showed no sign of MNA (SNP array data of the BM samples are not displayed due to a low tumor cell content (tcc) of the sample and a flat profile). On the contrary, only two out of nine GD2-positive disseminated tumor cell (DTC) samples showed MNA. In patient #18, MNA was found in all three primary tumor pieces (2715-TU) but not in the biopsy of the lung metastasis (323-TU) collected six months later. Intratumoral hetMNA was detected by FISH and a small MYCN peak by SNP analysis in different pieces of a single sample of three patients (#7, #8 and #12) in the 18m cohort. Furthermore, composition and size of the MYCN amplicons varied profoundly between patients. The minimum region of overlap between the samples only contained MYCN, MYCNOS and SNORA40 (Supporting Information Fig. 2) . Table 2 . BM, bone marrow sample; cyto1, DNA was extracted from BM cytospin; MACS1, DNA from GD2-positive cell fraction isolated by MACS from BM samples; TU, tumor sample.
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DNA content was measured by flow cytometry or by the chromosomal copy numbers indicated by the SNP data in consideration of the tcc. Five tumors were diploid and one tetraploid whereas the remaining samples were aneuploid ( Table 2, Supporting Information Table 1 ). All six patients with di-and tetraploid tumors were older than 18 months whereas the majority of patients with aneuploid tumors (15/ 19) were younger ( Table 2) .
Heterogeneous MYCN-amplification is accompanied by a plethora of other segmental chromosomal aberrations in older but not in young patients
To investigate hetMNA-associated chromosomal aberrations, we analyzed a total of 48 tumor-cell-containing samples (Fig.  2 , Supporting Information Table 1 ). To exclude constitutional aberrations, we included 15 tumor-free BM or peripheral blood samples as references for cases with aberrations smaller than 3 MB. In total, we detected 199 distinct SCAs (not including additional amplicons) affecting all chromosomes except for chromosome 13 (Fig. 2) . Tumors of older patients displayed a significantly higher number of SCAs (mean of 15.7, range 2-35) and chromosomal breakpoints (mean of 19.8, range 3-46) than those of younger patients (SCAs: mean of 2.6, range 0-16; chromosomal breakpoints: mean of 3.1, range 0 to 18) (Figs. 3a and 2b ). SCAs were found to be heterogeneous, occurring in only a fraction of tumor cells in samples of 13 patients. Most affected by SCAs were chromosomes 1 (4/15, 27%) and 2 (4/15, 27%) in young and chromosomes 1 (8/10, 80%) and 17 (8/10, 80%) in older patients (Fig. 3c) . Deletions at the 11q-arm were found in tumors of five patients and never associated with a SNP array-detectable MNA signal in the same sample. In addition to MNA, we identified other amplicons on chromosomes 2, 4, 5, 12, and 19, mostly in the heavily rearranged tumors of older patients (Fig. 3d) . Coamplifications of MDM2 and CDK4 on chromosome 12 were found in samples of two patients (Supporting Information Table 2 ). Signs of chromothripsis were found for chromosome 2 in the tumor of patient #5 (Supporting Information Fig. 3 ). Homozygous ATRX deletions were present in three out of the ten >18m patients but not in tumors of the young patients (Supporting Information Fig. 4) . In comparison, none of the 52 homMNA but 17 out of 97 non-MNA NB patients in our database displayed an intragenic deletion of ATRX (data not shown).
Due to the limited sensitivity of the SNP arrays and the intratumoral differences in clonal composition of the samples, we cannot unambiguously exclude the presence of additional heterogeneous SCAs and amplifications in subclones of very low frequencies.
Whole chromosome uniparental di-/trisomies associate with hetMNA in patients with aneuploid tumors
In our patient cohort, we identified a total of 31 somatic, whole chromosome uniparental disomies (wc-UPDs) or -trisomies (wc-UPTs) in 14 of 25 patients (73% of patients in young cohort, 30% in older cohort) (Fig. 3e, Supporting  Information Fig. 5 ). In three cases, UPDs were found to be heterogeneous (#8, #10 and #17). The tcc was too low to draw any UPD-related conclusions in the one sample of patient #1. UPDs/UTPs were only found in aneuploid tumors (14/19) and often affected more than one chromosome per tumor (9/15) (Fig. 3f) . None of the six patients with di-or tetraploid tumors presented uniparental whole chromosomes (Fig. 3f) . This prevalence was also observable in the non-MNA (158) and homMNA (45) NB tumors with available ploidy data in our database. Of the 102 patients with di-/tetraploid tumors (71 non-MNA and 31 homMNA tumors), only one non-MNA tumor featured a wc-UPD18 with unusual amplicons and gains (data not shown). On the contrary, UPDs were found in 48% (48/101) of aneuploid non-MNA and homMNA tumors (Supporting Information (Fig. 3g) . We also discovered SCAs affecting UPD-chromosomes in hetMNA tumors of four patients (Supporting Information Fig. 6 ).
Detected in 40% (8/19) of all patients with aneuploid hetMNA tumors, UPD11 was not only the predominant uniparental disomy in this group but also associated exclusively with age 18 months (8/15, 53%). On the contrary, UPD of chromosome 14 was most prominent in aneuploid tumors of older patients (3/4, 75%). In aneuploid NBs with UPDs, we detected a significant association between MYCN copy number and occurrence of UPD11 [v 2 (2, N 5 62) 515.05, p 5 0,0005]. Whereas UPD11 was detected in 57% of heterogeneous (8/14) and 71% of homogeneous (5/7) aneuploid MNA tumors with UPDs, only 15% (6/41) of non-MNA NBs featured this aberration (Fig. 3h) . Of note, none of the hetMNA NB patients with UPD11 relapsed and patients either responded partially to treatment (1/8) or are in complete remission (7/8).
Discussion
Since the first discovery, 19, 20, 32 intratumoral heterogeneity of MNA in NB has been investigated more extensively by only a few research groups. 23, 25 This study provides an unbiased examination of the genomic background of hetMNA NB in 26 patients. We found aneuploidy in hetMNA tumors of 19 patients including 15 18m patients. This association of young age and aneuploidy is in accordance with the literature. 33, 34 Likewise, NCA-only profiles, which are an attribute of favorable tumors with a low risk and an overall good prognosis, 9 were confined to tumors of this age group. These patients responded well to therapy (two patients did not recieve cytotoxic therapy) and achieved partial responses or complete remission without relapses despite featuring a prominent MNA clone. In contrast, all six patients with di-/ tetraploid tumors belonged to the older cohort. In contrast to MNA heterogeneity in this study, homMNA is more often associated with di-/tetraploidy which is in accordance with the predominance of di-/tetraploid homMNA tumors (65%) in our database (Table 2) . 8, [33] [34] [35] [36] HetMNA tumors of older patients were often highly aberrated with a multitude of SCAs but only contained a very small percentage of MNA cells. In accordance with previously published data, 25 we detected a frequent association of hetMNA and 11q-deletion.
Uniparental di-or trisomies (also referred to as copyneutral LOH) arise when one parental copy of a chromosome is lost while the other is subsequently reduplicated. An Tumor Markers and Signatures (6) and aneuploid (19) . (g) UPD occurrence in 120 aneuploid NB tumors in the CCRI database grouped by MYCN status: non-MNA (87), hetMNA (19) and MNA (14) . (h) occurrence of UPD11 among the tumors of the 62 patients that carried UPDs: non-MNA (41), hetMNA (14) and MNA (7) . Numbers in round brackets represent patient counts.
alternative mechanism is the loss of the non-duplicated chromosome in a trisomy. Aside from cancer-prone developmental diseases such as Beckwith-Wiedemann syndrome (BWS) and Angelman syndrome, UPDs in children can be found in a variety of cancers including leukemias, rhabdomyosarcoma, retinoblastoma, nephroblastoma and NB (reviewed in Refs. 37 and 38) . In a recent report, 35% of 134 examined primary NBs showed signs of UPD including wc-UPDs in 35% of the cases. 39 Occurrence of UPD was tightly associated with aneuploidy in our patient cohort (52%, 62/120) and disproportionally high in hetMNA tumors (74%, 14/19). Chromosome 11 was most frequently affected by wc-UPDs/UPTs in 8 out of 14 patients with UPDs and exclusive to the younger age group. UPD11 in the context of NB may be of particular interest as the loss of heterozygosity of the q-arm of chromosome 11 is a signature SCA of a highly aggressive subgroup of tumors and associates with older patient age and poor prognosis. 16, 40 However, there appears to be a fundamental difference between segmental LOH resulting in a partial monosomy and a copy-neutral wc-UPD which likely concerns the balance in copy number of affected genes. In contrast to 11q-deleted tumors, patients with UPD11-containing hetMNA NB tumors responded well to treatment and had beneficial outcomes. However, the high survival rate may as well be tied to a low tumor stage and the young age of these patients as the outcome of the few homMNA NB patients with UPD11, who were all older than 18 months, was poor (data not shown). Without obtaining additional data on gene expression, mutations and the methylation pattern of chromosome 11, which was not the scope of this paper, we were unable to pinpoint a gene that could be potentially involved in NB oncogenesis. Yet, the occurrence of wc-UPDs in general and UPD11 in particular warrants further investigation. To our knowledge, a similarly high frequency of a particular wc-UPD has thus far not been reported in a subgroup of a cancer. wc-UPDs could be of prognostic value in NB as was shown for serous ovarian cancer. 41 To conclude, multilocational sampling, which may eventually include the implementation of liquid biopsy techniques, and a meticulous tumor work-up are necessary to fully 
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characterize NB genetically and to discover intratumoral heterogeneity of potentially risk-stratifying markers. Technological advances in genomic profiling of single cells as well as bulk tumors will aid in improving the understanding of the complexity of NB. In addition our data corroborate the necessity to include single-cell techniques in the diagnosis of NB and the detection of MNA or SCAs. The MNA subclone, for instance, was only detectable by FISH but missed by SNP array analysis in numerous cases due to the detection limit of the arrays. Furthermore, our results indicate that the behavior of hetMNA tumors more strongly depends on the genetic composition of the tumor background than the mere presence of the MNA subclone. In a tumor with largely favorable characteristics, the MNA clone appears to be less aggressive or is possibly lacking full malignancy resulting in a good therapeutic outcome of the patients. However, aneuploid MNA cells may eventually outgrow other subclones without adequate treatment. We found aneuploid homMNA tumors in our database which shared clinical and biological features with aneuploid hetMNA tumors of 18m patients (Fig. 4) . Patients with these homMNA tumors were mostly older than 18 months which would support the notion of a potential clonal takeover with time. The contribution of the MNA clone to the overall tumor behavior in an aggressive genomic environment may be limited and the competition with other subclones may stifle its outgrowth.In line with this assumption, homMNA tumors in our registry rarely occur with 11q deletion and almost never present with a comparable number of aberrations or intragenic ATRX deletions contrary to aggressive hetMNA tumors in >18m patients (Fig. 4) . Both the genetics of the ancestral clone and the timing of the occurrence of MNA during tumor evolution determine the relevance of an MNA subclone in NB. Larger studies with more patients are needed to corroborate our findings and fully solve the diagnostic challenges posed by intratumoral heterogeneity of MNA in NB, particularly in patients younger than 18 months of age.
